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Abstract 
Broaching is a highly efficient metal machining process in mass production. Parts with high quality requirements are manufactured 
by broaching, which can be influenced by different factors. One of them is vibration caused by process-machine-interactions. Such 
vibrations can easily be investigated with external broaching, where these vibrations result in varying process forces and wavily 
profiled machining surfaces. 
This paper presents a 2D FEM-simulation approach for the prediction of surface rough-ness generated by broaching. In the 
simulation model, the solid machine structure that consists of a large number of machine parts is realized by using elements 
representing the stiffness and the dynamic properties of the machine structure. Thus, it is possible to avoid high calculation times. 
The broach is implemented as an elastic body and the resulting process forces are realized by an analytical model that considers the 
process parameters cutting thickness, cutting velocity and rake angle. These process parameters are calculated for each increment, 
which allows determining the resulting process forces and applying them onto the teeth. Finally, the presented simulation approach 
for the prediction of the surface roughness generated by broaching is validated by means of experiments. Broaches with different 
numbers of teeth are used for the experimental setup. 
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1. Introduction 
The quality of mechanical components produced by a 
metal cutting process can be influenced by many factors 
such as temperature variations, human factors or 
vibration of the machine structure. The machine 
vibration can be induced for example from changes in 
the process forces, which are caused by variable cutting 
parameters or local hardness of the material. In [1], 
research results on process ma-chine interaction are 
presented for different cut-ting processes. Some of the 
mentioned work in [1] is discussed in more detail in [2, 
3, 4, 5]. In [6], a simulation approach for ultra-precision 
turning is presented, considering process-machine-
interaction. With this simulation model, surface profiles 
can be predicted. However, broaching was not yet 
investigated considering the interactions between the 
process and the machine. 
In this paper, an approach for the simulation of the 
metal cutting process broaching is present-ed. This 
model predicts 2nd order surface deviations considering 
the process forces and the machine dynamics. The 
development of the simulation model includes two main 
objectives. The first objective is to exactly simulate the 
cut-ting process without large deviations and the second 
one is to avoid a high calculation time. In order to 
achieve both objectives, the simulation model is divided 
into two parts at the be-ginning: A machine model and 
an analytical model for the prediction of the process 
forces. In the end, both parts are coupled. The machine 
model represents the mechanical properties of the 
machine structure, which is realized with mass points 
and spring-dashpot-elements. The analytical model for 
the calculation of the process forces is based on DoE 
(Design of Experiments). For the development of the 
process force model, a 2D cutting simulation is used 
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with full factorial variation of the cutting thick-ness, 
rake angle and cutting velocity. 
2. Broaching 
Broaching has relatively simple dynamic properties 
because the parts are produced with only a linear motion 
of the broach. The process is suited for the investigation 
of the influence of machine vibrations. The vibrations 
result in a wavy geometrical profile in the machined 
surface. Such a profile can be observed in the 
measurements of the roughness as 2nd order surface 
devotions after the part is machined.  
While broaching, multiple teeth are in contact with 
the workpiece one after another. This means, that each 
tooth generates a roughness profile, which results in a 
variable cutting thickness or a variable rake angle for the 
next tooth. The variable cutting thickness and variable 
rake angel were numerically investigated by means of 
2D cutting simulations in [6, 7].  
Simulating broaching supports the development and 
optimization process. A full simulation model for 
broaching normally causes enormous calculation times 
and a great deal of resources considering the dimensions 
of the broaching machine and the details of the 
simulation. In Figure 1, the schematic diagram for the 
simulation of such a cutting process is proposed. As 
mentioned before, the simulation model is divided into 
two main parts, the machine model and the process 
model. With both intersection points in Figure 1, process 
models – workpiece and process model – broach, the 
interaction between the process and the machine is 
guaranteed. Both main parts and the coupled models will 
be presented in the next chapters. 
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Figure 1: Schematic diagram for the development of the coupled 
simulation model 
3. Simulation models 
3.1. Machine model 
The machine model includes the machine structure 
and its mechanical properties. Because of the large 
dimension of the machine, the model is simplified by 
substitute elements such as spring-dashpot-elements or 
mass points in a multiple body model. The schematic 
diagram in Figure 2 was used for the development of the 
machine model. All connection elements are represented 
by spring-dashpot-elements. The structure elements are 
replaced from a mass point, which are implemented as 
mass matrices in the simulation. 
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Figure 2: Schematic diagram of the machine model 
Experimental works are performed to develop the 
machine model. In these investigations, frequency 
response characteristics of the machine structure were 
determined.  
3.2. Process model 
For the calculation of the process forces, the 
analytical model was developed. In the model, the 
specific cutting and normal forces depend on the cutting 
thickness, rake angle and cutting velocity. Therefore, the 
new value of forces can be calculated in each increment 
of the simulation. For the development of the analytical 
model, the cutting thickness hc, the rake angle  and the 
cutting velocity vc were varied full factorial in 2D 
cutting simulations. The analytical function for the 
prediction of the specific forces is presented in equation 
(1) and (2). In these equations non-dimensional 
similarity numbers Si, Ca and Rs (Table 1) are used. The 
non-dimensional numbers are presented in the works of 
Delonnoy [8] and Deuchert [9]. Material parameters like 
Young's modulus E, density  and sensibility of the 
strain rate 0
.
as well as the radius of the cutting edge r  
are used for the non-dimensional similarity numbers 
shown in Table 1. In Table 2 the functions of the non-
dimensional numbers are presented and the parameters 
used in these function are listed in Table 3. The 
equations for the prediction of the process forces are 
discussed in more detail by Delonnoy in [8] and 
Autenrieth in [10]. 
 
E
hSi c0
 E
vCa c
 ch
r
Rs  
Table 1: non-dimensional numbers 
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In further work the equations (1) and (2) will be 
expanded to include the influence of the cutting edge 
geometry, in terms of the rake and clearance angle, on 
the specific process forces. More complex non-linear 
relationships between cutting parameters and forces will 
be investigated for more accurate prediction of the 
process forces. 
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Table 2: Functions of the non-dimensional numbers 
 
0,ck  0,pk  ca  na  cm  nm  
3124 2044 0.108 0.870 0.160 0.090 
cb  nb  cc  nc  cd  nd  
0.23 0.64 1.18 0.51 0.09 0.25 
ce  ne  cf  nf    
0.0004 0.44 2.54 0.24   
Table 3: Parameter used in the equations for prediction of the 
process forces 
 
The coefficients (xi) are different for the specific 
cutting and normal forces (Table 1). Using equation (1) 
the specific cutting force can be calculated and 
compared to the experimentally obtained data. The 
analytical model is in very good agreement with the 
experiments (Figure 3). The maximum deviations are 
observed at the cutting forces for a cutting thickness of 
20 μm were about 15 %, which is acceptable for the 
simulation of the broaching process and may be caused 
by the scatter of experimental data. 
Equation (1) allows the prediction of the specific 
forces in each time step. The time steps were carefully 
chosen to gather sufficient information. For the 
calculation of the forces, a subroutine dload.f was 
implemented, which is called at the beginning of each 
increment. An overview is given in Figure 4.  
In Figure 4a, one cycle of the first tooth is presented. 
The subroutine calculates the cutting thickness and the 
rake angle at each time step. This is possible, because 
the coordinates of each integration point at this time step 
are given. With the new values of the cutting parameters, 
the new forces are calculated and applied on the tooth. 
At the end, the new cutting thickness is saved in a file, 
which is used for the calculation of the cutting thickness 
of the next tooth. The calculation of the next tooth is 
presented in Figure 4b. The cycle of the subroutine is the 
same as in the case of the first tooth; except the 
consideration of the surface profile generated by the 
previous tooth. At this point, the new cutting thickness is 
calculated reflecting the old surface profile (first tooth). 
This results in the generation of a roughness profile after 
each tooth. After the last one, the generated data is the 
end roughness profile of the machined surface. 
 
 
Figure 3: Comparison of the cutting forces between the analytical 
model and experiment for different cutting velocities and different 
cutting thicknesses 
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Figure 4: Overview of one cycle of the subroutine for the calculation of 
the specific process forces 
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3.3. Coupled simulation model 
The machine model and the process model are 
coupled for the investigation of the interactions between 
the process and the machine. An ABAQUS FEM 
platform was used for coupling and all implementation 
works were performed in the software. Figure 5 gives an 
example of the coupled simulation model. As mentioned 
before, the machine structure is replaced by springs, 
dashpots and mass points. For the integration of the 
process model into the machine model, a 2D-simulation 
model was built to avoid high calculation times. In the 
next step, the 3D-model is implemented. With this 
model, it is possible to calculate the roughness profile of 
the machined surface. The incrementation of time steps 
depends on the cutting velocity. For high velocities, the 
increment of the step is small, so that no information is 
lost. 
 
 
Figure 5: FEM-Simulation model including the interaction between the 
process and the machine 
4. Simulation results 
The machine model was validated with the 
experimentally obtained data. Figure 6 provides an 
overview of the frequency response characteristics 
obtained from experiments and simulation. The 
simulation model of the machine structure has a 3 % 
modal damping factor for the simulation, which allows 
calculating exactly the amplitude in each mode. The 
eigenvalues of the simulation model are in good 
agreement with the values from the measurements.  
At the beginning, a process with one tooth was 
simulated with the 2D-model (Figure 5). Results from 
this simulation are presented inFigure 7. The cutting 
velocity was 90 m/min. Here, the cutting thickness is 
plotted versus the time needed for one tooth cut. At the 
first contact between the tooth and the workpiece, the 
cutting thickness increases due to the tooth’s impact on 
the workpiece. This causes pressure of the tooth on the 
workpiece. Without a damping factor, it initiates a 
harmonic vibration of the tooth tip, as shown in Figure 7. 
In Figure 8, the results from multiple teeth simulation 
are presented considering the roughness profile 
generated by the previous tooth. However, the effects of 
the initial tooth impact on the workpiece are different for 
each tooth and the harmonic vibration of each tooth is 
present. 
 
 
Figure 6: Frequency response characteristic of the broaching machine 
 
Figure 7: Cutting thickness from simulation of one tooth 
InFigure 9, the cutting thickness of the first tooth, 
simulated with a cutting velocity of 90 m/min is plotted 
for a certain period of time. In this simulation, dashpot 
elements are used for the machine damping, which can 
be observed in the characteristics of the curve. The first 
contact between the tooth and the workpiece initiates a 
vibration which is damped with time. Figure 10 presents 
the cutting thickness from experiment and simulation. 
For the calculation of the 2nd order surface deviations the  
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Fast Fourier Transform is used for both, the experiment 
and the simulation. The curve characteristics show a 
similarity on the left side, but on the right side the 
simulated 2nd order surface deviation is not as expected. 
An explanation for this may be found in the arrangement 
of the spring-dashpot-elements in the simulation model. 
In the future, optimization works should be performed, 
including a variation of the damping factor without the 
influence of the mechanical behavior of the machine and 
a new combination of the spring-dashpot-elements. 
 
 
Figure 9: Cutting thickness from simulation of one tooth 
5. Conclusions 
In this paper, the broaching process was simulated 
under consideration of the vibration of the machine 
structure. A simulation approach was presented, which 
includes the interaction process and the machine 
structure. The model for simulation of the broaching 
process was divided into two main parts. At the end, 
both simulation models were coupled allowing the 
calculation of the resulting roughness profile on the 
machined surface after broaching. In the first part, the 
machine structure was modeled as a multiple body 
model with string-dashpot-elements and mass points. 
The machine model was validated and the results were 
in very good agreement with the experiments. In the 
second part, an analytical model for the calculation of 
the specific cutting and normal forces was created. The 
results were also compared to the experiments. They 
show acceptable deviations from the experimentally 
obtained data. Finally, both models were coupled. First 
simulations show very promising results considering that 
a 2D-model was used. 
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Figure 10: Comparison of the cutting thickness between simulation and 
experiment for a cutting velocity of 90 m/min 
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Figure 8: Cutting thickness simulated with the coupled model, cutting velocity 50 m/min, cutting thickness 20 μm 
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